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Abstract 

In the field of biosensing, particles are used as labels for the detection of biomarkers. In order to 

achieve high sensitivity in sensors, non-specific particle aggregation should be suppressed. In this 

research, the kinetics of particle aggregation has been investigated by developing a method to 

quantify particle aggregation rates: the optomagnetic cluster experiment. By the application of a 

rotating magnetic field, clusters can be measured in solution and new clusters can be formed in a 

controlled manner.  

Particle aggregation rates have been quantified for carboxyl coated Ademtech particles. The effect 

of electrostatic interaction on particle aggregation has been investigated by the variation of the pH, 

which controls the surface charge of particles, and by the variation of the salt concentration of 

buffer solutions, which controls the electrostatic screening by ions in solution. It was found that the 

aggregation rate decreases for more negative surface potentials and increases with salt 

concentration. The results have been compared qualitatively and quantitatively to aggregation rates 

calculated with a DLVO model.  The model takes into account the four dominant contributions to the 

interaction potential as function of inter-particle distance, and from the total interaction potential 

an aggregation rate can be calculated. This aggregation rate is defined as the crossing of the 

electrostatic energy barrier. The general trends found by the model for the aggregation rate as 

function of pH and salt concentration are in correspondence with the experimentally obtained 

trends. In order to obtain a quantitative agreement between model and measurements, the model 

should be extended with an additional energy barrier along the reaction coordinate that indicates 

the chemical reaction of particles by a non-specific interaction. 

The quantification of particle aggregation rates by non-specific interactions paves the path to give 

insight into the nature of clustering, and thereby how clustering within biosensors can be minimized.  
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1. Introduction 

Point-of-care diagnostics are developing as an alternative for in-vitro diagnostics in centralized 

laboratories. A global need exists for decentralized devices, which can provide fast and accurate 

testing at the location of need. These are especially important in cases where time wasted affects 

the health and chance of survival of patients. Devices are being developed to cater to this need: so-

called biosensors. In order for these biosensors to act as an alternative to centralized testing, they 

need a fast response (preferably in the order of minutes), need to be cost-effective, portable and 

with an integrated detection platform that operates on a small sample volume1. They need to be 

specific for the detection of a certain biomarker, which is a molecule that acts as an indicator of a 

biological state or condition by their concentration. An example is glucose, which is used to indicate 

blood sugar levels in diabetes patients, and where the glucose meter acts as the corresponding 

biosensor. 

Multiple types of biosensors are currently being investigated2. Examples include biosensors that 

involve labeling with micro- or nanometer-sized particles3, biosensors that use fluorescence 

detection4, or biosensors using label-free electrical detection5. Advantages of using particle based 

biosensors are that particles have a high surface-to-volume ratio and that they allow efficient target 

capture and labeling of particles. In this research, magnetic particles are investigated as label of 

interest. A particularly useful property of magnetic particle labels is that they allow for manipulation 

by the application of magnetic fields, for example for separation6 or by increasing the signal-to-noise 

ratio of signals by frequency-selective detection or to decrease incubation times7. All the 

aforementioned advantages, combined with the fact that they allow signal amplification, have made 

it possible to reach femtomolar to attomolar levels of sensitivity6. 

Magnetic particles can be detected magnetically or optically7. An example of a biosensor that uses 

magnetic particles and optical detection is the Philips Minicare I-20. The detection technology is 

based on an optomagnetic immunoassay technology (Magnotech) by Bruls et al3, in which a low-cost 

disposable cartridge is used for high-sensitive testing in blood serum/plasma and saliva. This 

technology can be used for a broad range of biological molecules in affinity-based assays. The Philips 

Minicare I-20 is used to detect cardiac troponin I, a biomarker that indicates risk of heart failure, 

which can be detected in sub-picomolar concentrations. The detection of this biomarker in the order 

of minutes allows patients to have higher chance of survival3. 

Another example of a biosensing principle is an agglutination assay (also called cluster or 

aggregation assay). Agglutination assays were introduced in the 1950s, and the principle is based on 

the clustering of particles by the sandwiching of biomarkers between two particles. In the absence of 

biomarkers, the particles do not cluster. With increasing concentration of biomarker, more and 

larger particle clusters are formed. The cluster concentration is determined either by light 

transmission, which decreases with clustering, or light scattering, which increases when more 

clusters are formed in the solution. The cluster concentration gives the concentration of biomarkers 

in the solution. A specific example of a biosensing principle that uses this agglutination assay is the 

optomagnetic cluster assay by Andrea Ranzoni1. In this assay magnetic particles are used to 

accelerate the assay, and a rotating magnetic field allows frequency selective detection. 
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However, to achieve high sensitivity in biosensors, particle stability needs to be ensured in complex 

matrices, i.e. spontaneous non-specific particle aggregation should be suppressed to avoid false 

positive readings. Non-specific particle aggregation therefore remains a challenge for biosensing 

techniques. Next to their use in biosensors, aggregation of particles is also encountered in stock 

solution and during washing steps in research preparation steps. It is therefore important to 

investigate this non-specific particle aggregation and specifically to quantify the kinetics of 

aggregation. In this research, it is investigated whether particle aggregation rates can be quantified 

with the optomagnetic cluster experiment, which is based on the optomagnetic cluster assay by 

Andrea Ranzoni1. Clusters are detected in solution and the formation of non-specific aggregates is 

induced using an external rotating magnetic field. Using these techniques, a protocol is developed to 

quantify particle aggregation rates. 

In chapter 2, the magnetic properties of superparamagnetic particles, the multi-step particle 

aggregation process and interactions between particles as function of inter-particle distance are 

discussed. In chapter 3, it is explained how the optomagnetic cluster experiment is used to detect 

clusters in solution, and a schematic representation is given of the experimental setup. Additionally, 

a list of used materials is given and it is explained how zeta potential measurements are performed 

to measure particle surface charge. Chapter 4 gives a detailed explanation on how clusters can be 

detected in solution accurately, how the magnetic field is used to accelerate particle aggregation, 

and how these properties are used to develop a protocol to quantify non-specific particle 

aggregation rates. Chapter 5 elaborates on the effect of electrostatic interaction on aggregation 

rates by showing experiments performed as function of pH and salt concentration. These values are 

compared to a model which takes into account the most important interactions between particles, 

as explained in chapter 2. Chapter 6 elaborates on the accuracy of the optomagnetic cluster 

experiment, on the acquired data, and gives an outlook on future measurements that can be 

performed to further determine what influences the non-specific aggregation of magnetic particles.  
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2. Theory 

In this chapter, the theoretical background for the quantification of particle aggregation rates is 

explained. In section 2.1, it is explained what superparamagnetic particles are and how they can be 

manipulated. In section 2.2, the aggregation of two particles is described by a bimolecular binding 

process. In section 2.3, the interaction between two particles in solution is described as function of 

distance between the particles by describing the four most important contributions to the potential 

energy: the electrostatic interaction, Van der Waals interaction, magnetic dipole-dipole interaction 

and Pauli exclusion. 

2.1 Superparamagnetic particles 
In this research, superparamagnetic particles are used. These particles have a diameter of 

approximately 500 nm, and are composed of nanometer sized ferromagnetic iron-oxide crystals 

(hereby denoted as grains) randomly dispersed in a polystyrene matrix. The grains are single 

crystalline, and have a lognormal size distribution in the order of nanometers. The magnetic crystal 

anisotropy of the grains is smaller than the thermal energy (kT) and as a consequence the direction 

of the individual magnetic moment fluctuates in the absence of a magnetic field. Consequently, 

because of the random orientation of the magnetic moments, the magnetic moment of the 

composite particle is negligible when no external magnetic field is present. When an external 

magnetic field is applied, the magnetic moments of the grains will rotate (partially) towards the 

direction of the external field. The sum of all magnetic moments in the composite particle has now 

become nonzero. As a consequence, dipole-dipole interactions with other composite particles in the 

solution occur. The magnetic field can also be used to manipulate the superparamagnetic particles: 

particles can be translated in solution if a magnetic field gradient is present in the externally applied 

magnetic field, and particle clusters can be rotated in solution when a rotating magnetic field is 

applied1,8. 

The controlled rotation of two-particle clusters provides the opportunity to detect clusters in 

solution using the optomagnetic cluster experiment. The rotation of clusters in solution is induced by 

a magnetic torque. This can be explained as follows. When the direction of the applied magnetic 

field changes, the induced moments inside particles will align with the field rapidly (due to their 

small Néel relaxation time). However, the axis of uniaxial symmetry of the cluster has not aligned 

with the field. This causes an increase in the magnetic energy, which is energetically unfavorable. As 

a consequence, a torque is induced to minimize this energy. The derivation of the magnetic torque 

for a cluster consisting of m particles is given in appendix S1. The magnetic torque 𝜏𝑚 of a two-

particle (superparamagnetic) cluster is found to be1 

𝜏𝑚 =
𝜇0𝐻𝑒𝑥𝑡

2 𝜋𝜒2𝑅3

6
sin(2(𝜑𝑖 − 𝜑𝑐))      (2.1) 

Here, 𝜇0 is the permeability of vacuum, 𝐻𝑒𝑥𝑡 the external applied field, 𝜒 the susceptibility of the 

particle material, 𝑅 the radius of the particles, 𝜑𝑖  the axis along the induced moment and 𝜑𝑐 the axis 

of uniaxial symmetry of the cluster with respect to the x-axis. 

The cluster also experiences hydrodynamic torque. When a linear cluster of m particles rotates 

around its center of mass, the motion can be decomposed into two components: the rotation of 
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each particle around its own center of mass with angular velocity 𝜔𝑐 and the translation of each 

particle around the center of mass with velocity �⃑� =  𝜔𝑐⃑⃑ ⃑⃑ ⃑ × 𝑟𝑘⃑⃑⃑⃑  , where 𝑟𝑘⃑⃑⃑⃑  is the distance between the 

center of the 𝑘 particle and the center of mass of the chain. An approximation of the hydrodynamic 

torque which uses the two components and is neglecting hydrodynamic coupling has been used by 

Ranzoni et al. This approximation was found to be within a factor of two of a solution including 

hydrodynamic coupling1. The total hydrodynamic torque acting on a chain is then given by 

𝜏ℎ𝑦𝑑𝑟𝑜 = ∑ 8𝜋𝜂𝑅3𝜔𝑐
𝑚
𝑘=1 +  ∑ 𝐹𝑘

⃑⃑⃑⃑⃑ ×  𝑟𝑘⃑⃑⃑⃑𝑚
𝑘=1 =     

= 𝑚(8𝜋𝜂𝑅3𝜔𝑐) + ∑ 6𝜋𝜂𝑅�⃑� ×  𝑟𝑘⃑⃑⃑⃑𝑚
𝑘=1       (2.2) 

With 𝐹𝑘
⃑⃑⃑⃑⃑ the friction force acting on an isolated sphere.  The hydrodynamic torque of a doublet is  

𝜏ℎ𝑦𝑑𝑟𝑜 = 16𝜋𝜂𝑅3𝜔𝑐 +  ∑ 6𝜋𝜂𝑅�⃑� ×  𝑟𝑘⃑⃑⃑⃑2
𝑘=1      (2.3) 

The ability of a doublet to rotate in solution is dependent on the balance between the two torques 

given in formula 2.1 and 2.3. When the phase lag of the cluster with the magnetic field is 90 degrees, 

the critical frequency is reached (𝜔𝑐 = 𝜔𝑐𝑟𝑖𝑡). When the angular velocity of the field is larger than 

the critical frequency, the cluster will not be able to follow the rotating field anymore. 

The superparamagnetic property of particle is used in this research, because it allows manipulation 

of particles in solution. When a magnetic field is applied, magnetized particles become attractive by 

dipole-dipole interaction. This increases the encounter rate of particles in solution. Additionally, 

particle aggregation rates can be obtained by using an external rotating magnetic field via an 

optomagnetic readout, which will be explained in chapter 4. 

2.2 Particle aggregation kinetics 
The aggregation of two particles, i.e. the formation of a chemical bond between them, can be 

described by a bimolecular binding process. This process consists of a diffusional encounter step, an 

electrostatic reaction step and a chemical reaction step, in order to obtain a bound complex. The 

reaction can be written as 

𝑃1 + 𝑃2 

𝑘𝑒𝑛𝑐
→
←

𝑘𝑠𝑒𝑝

 𝑃1: : 𝑃2

𝑘𝑒𝑙
→
←

𝑘−𝑒𝑙

𝑃1: 𝑃2

𝑘𝑐ℎ𝑒𝑚
→
←

𝑘−𝑐ℎ𝑒𝑚

𝑃1𝑃2     (2.4) 

Where 𝑃1 and 𝑃2 are particle 1 and 2, and complexes 𝑃1: : 𝑃2, 𝑃1: 𝑃2 and 𝑃1𝑃2 denote two particles in 

proximity, two particles in closer proximity after crossing the electrostatic barrier and a chemical 

cluster, respectively. Here, the rates are  𝑘𝑒𝑛𝑐 the encounter rate constant, 𝑘𝑠𝑒𝑝 the separation rate 

constant, 𝑘𝑒𝑙 the rate constant to overcome electrostatic repulsion, 𝑘−𝑒𝑙 the rate constant for 

overcome electrostatic repulsion reversibly, 𝑘𝑐ℎ𝑒𝑚 the chemical reaction rate constant of a cluster 

and 𝑘−𝑐ℎ𝑒𝑚 the rate constant for dissociation of a cluster. The aggregation of a two-particle cluster, 

𝑘𝑎𝑔𝑔, is defined as the clustering of two particles after encountering the other. The aggregation rate 

can therefore be described as 

𝑘𝑎𝑔𝑔 = 𝑘𝑒𝑙
𝑘𝑐ℎ𝑒𝑚

𝑘−𝑒𝑙+𝑘𝑐ℎ𝑒𝑚
        (2.5) 
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It can be seen that the aggregation rate is equal to the rate for overcoming the electrostatic barrier 

times the probability that a chemical reaction will occur when two particles are in closer proximity 

(after crossing the electrostatic barrier). In the case that the chemical reaction is a fast process 

relative to the separation of the two particles over the electrostatic barrier, then the aggregation 

rate constant is limited by the rate constant for overcoming the electrostatic barrier. If the 

separation over the electrostatic barrier is fast relative to the chemical reaction rate constant, then 

the chemical reaction rate becomes the limiting factor for the aggregation of two particles. 

In chapter 5, the bimolecular multi-step binding process is used to explain the measured particle 

aggregation rates found in the research. 

2.3 Interaction between particles in solution 
The interaction between particles in solution can be described using the DLVO model. The DLVO 

model describes the interaction potential between two particles as function of inter-particle 

distance. The potential is a sum of several contributions: 1. The electrostatic interaction, 2. Van der 

Waals interactions, 3. Pauli exclusion, and 4. Magnetic dipole-dipole interaction. The four 

contributions are summarized below. From the total interaction potential, an aggregation rate can 

be determined. Since the presence of an additional transition barrier (as shown in the previous 

section) is not taken into account, the aggregation rate determined from the model will be equal to 

the term 𝑘𝑒𝑙 in formula (2.4). The DLVO model is used to compare calculated aggregation rates to 

experimentally obtained aggregation rates. 

1. The electrostatic interaction 𝑈𝑒  can be described by9 

𝑈𝑒 = 4𝜋휀 (
𝑘𝐵𝑇

𝑒
)

2
∙ 𝑌1 ∙ 𝑌2 ∙ log(1 + 𝑒−𝜅𝑥) ∙

𝑅1𝑅2

𝑅1+𝑅2+𝑥
    (2.6) 

In which 

𝑌𝑖 = 4𝑒
𝜅𝑥

2 tanh−1 (𝑒− 
𝜅𝑥

2  ∙  tanh (
𝑧𝑒𝜑0,𝑖

4𝑘𝐵𝑇
))       (2.7) 

With 𝑅1 and 𝑅2 the radii of the two particles, 𝑥 is the distance between the surfaces of the particles, 

𝜅−1 the Debye length, 휀 the permittivity and 𝜑0,𝑖 the surface potential of particle 𝑖. 𝑌𝑖  is the solution 

to the non-linear Poisson-Boltzmann equation for particle 𝑖 as derived by Levine et al10. 

The electrostatic interaction Ue shows that the ionic concentration and pH of a solution, used to 

dilute the particles, will influence the total interaction potential. The ionic concentration affects the 

Debye length. The pH will influence the surface potential by a change in the equilibrium condition on 

the particle surface of the carboxyl particles11: 

𝐶𝑂𝑂𝐻 

𝑘𝑜𝑓𝑓

→
←

𝑘𝑜𝑛

 𝐶𝑂𝑂− + 𝐻+       (2.8) 

 𝐾𝑑 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
=

[𝐶𝑂𝑂−]0[𝐻+]0

[𝐶𝑂𝑂𝐻]0
       (2.9) 
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In which 𝐾𝑑 is the surface dissociation constant. The surface potential is not a measureable 

parameter, so instead the zeta potential can be used for indication of surface charge. The zeta 

potential is defined as the electrostatic potential at the location of the slipping plane. At the slipping 

plane, the ion distribution around the particle changes from a stationary layer of ions attracted by 

the particle surface to freely dispersed ions in the bulk. In chapter 5 it is described how the surface 

potential can be derived from the zeta potential. 

2. The attractive Van der Waals interactions occur at distances 𝑥 ≪ 𝑅1, 𝑅2. These interactions are 

induced by the dipole-(induced) dipole interactions between all atoms, leading to a total interaction 

equation that depends on the Hamaker constant and geometry. The total Van der Waals interaction 

𝑈𝑉𝑑𝑊 for the system of two spheres can be described by11 

𝑈𝑉𝑑𝑊 = −
𝐴

6
(

𝑅1𝑅2

𝑅1+𝑅2
)

1

𝑥
         (2.10) 

Where 𝐴 is the Hamaker constant determined by 

𝐴 =  𝜋2𝐶𝜌1𝜌2         (2.11) 

In which 𝜌1 and 𝜌2 are the number of atoms per unit volume in the two bodies and 𝐶 is the 

coefficient in the interatomic pair potential, proportional to the square of the polarizability 𝛼. 

The description of the Van der Waals interaction assumes perfectly spherical particles. Due to 

particle surface roughness and surface coatings, this might not be the case. To account for this 

surface topology, a hydrated shell model has been described by Scheepers et al that takes the 

surface morphology into account, which is shortly summarized here. As indicated in Fig 2.1c, 

particles are described as spherical cores each with a shell that is partially hydrated and of thickness 

δR, where it is chosen that δR ≪ R. The shell is partially made up of water, partially made up of 

macromolecules that indicate the functionalization of the surface and partially of polystyrene which 

indicates surface roughness. These components are taken into account in the model as a solid 

volume fraction α (where 0 ≤ α ≤ 1) of proteins and polystyrene (and therefore a volume fraction 

1 − α water). A schematic representation of a particle with a hydrated shell is given in Fig 2.1c. 

When the Van der Waals interaction between two particles is determined, it can be divided into 

three contributions: core-core interactions, core-shell interactions and shell-shell interactions. For 

each contribution, the Van der Waals interaction is calculated using formula 2.10. 

The Hamaker constant can be calculated theoretically from the absorption frequency, the dielectric 

constant and the refractive indices of macroscopic phases 1 and 2 (the 2 particles) and medium 3 

(the solution). The Hamaker constant consists of two contributions: a zero-frequency contribution 

and a dispersion contribution. The zero-frequency contribution is electrostatic, and is 

electrostatically screened in the presence of high ionic concentrations. In this research, the ionic 

concentration is at least 10 mM, so this term can be neglected. The dispersion contribution is 

electrodynamic, and can therefore not be electrostatically screened. The Hamaker constant can be 

calculated by11 

𝐴 =
3ℎ𝑣𝑒

8√2

(𝑛1
2−𝑛3

2)(𝑛2
2−𝑛3

2)

(𝑛1
2−𝑛3

2)1/2(𝑛2
2−𝑛3

2)1/2[(𝑛1
2−𝑛3

2)1/2+(𝑛2
2−𝑛3

2)1/2]
    (2.12) 
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In which 𝑛1, 𝑛2 and 𝑛3 are the refractive indices of particle 1 and 2 and the solution, respectively, 

and 𝑣𝑒 is the absorption frequency. 

3. The Pauli Exclusion Principle plays a role when the distance between the particles is in the order of 

the size of an atom. The strong repulsive interaction 𝑈𝑃 is modelled by the repulsive part of the 

Lennard-Jones potential, and is therefore described by 

𝑈𝑃 = (
𝐶

𝑥
)

12
          (2.13) 

Where 𝐶 is a constant. 

4. When the particles are magnetized due to the presence of the external field, dipole-dipole 

interactions occur. This magnetic contribution is attractive, and is modelled as the interaction 

between two point dipoles. The magnetic interaction 𝑈𝑚 is described by 

𝑈𝑚 = −
𝜇0

4𝜋|𝑟|3
(3(𝑚1⃑⃑ ⃑⃑ ⃑⃗ ∙ �̂�)(𝑚2⃑⃑ ⃑⃑ ⃑⃗ ∙ �̂�) − 𝑚1⃑⃑ ⃑⃑ ⃑⃗ ∙ 𝑚2⃑⃑ ⃑⃑ ⃑⃗ ) = −

𝜇0𝑚1𝑚2

2𝜋𝑟3     (2.14) 

With 

𝑟 = 𝑅1 + 𝑅2 + 𝑥         (2.15) 

𝑚𝑖 =
𝜒𝑣,𝑖𝐵𝑉

𝜇0
          (2.16) 

Where 𝑚𝑖 is the magnetic moment and 𝜒𝑣,𝑖 is the volume susceptibility of particle 𝑖, 𝑉 the volume of 

the particle, 𝐵 the magnetic field and 𝜇0 the permeability of vacuum. 

The total potential energy of the interaction as function of surface-to-surface distance is the sum of 

aforementioned contributions. 

𝑈𝑡𝑜𝑡 = 𝑈𝑒 + 𝑈𝑉𝑑𝑊 + 𝑈𝑃 + 𝑈𝑚        (2.17) 

Figure 2.1a and b show a typical total potential energy profile as a function of the surface-to-surface 

distance x. It can be seen that the energy profile shows two minima: a primary minimum and a 

secondary minimum, indicated by the red and green circles in Fig 2.1b respectively. In the DLVO 

model, the primary minimum corresponds to the aggregated state of two particles, where a 

chemical bond has formed between the particles. In the secondary minimum, the particles are held 

together only by magnetic dipole interactions. This corresponds to a quasi-free state of the particles.  

The aggregation of two particles can be described using this model. The aggregation rate is 

determined by the energy barrier 𝑈𝑏 that needs to be overcome between the quasi-free state and 

aggregated state12. The aggregation rate can be described using the Arrhenius equation: 

𝑘𝑎𝑔𝑔 = 𝜈 ∙ 𝑒−𝑈𝑏 𝑘𝐵𝑇⁄          (2.18) 

With 𝜈 the attempt frequency. The attempt frequency embodies the viscosity damped Brownian 

motion of particles, and is calculated by assuming that two particles in the quasi-free state behave 

like an overdamped oscillator. The magnetic force selects the reaction path for bond formation 

between two particles. The attempt frequency can therefore be expressed as13  
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𝜈 =
𝑘𝐵𝑇

𝛾𝑙𝑓𝑟𝑒𝑒𝑙𝑡𝑟𝑎𝑛𝑠
=

√𝛬𝑓𝑟𝑒𝑒𝛬𝑡𝑟𝑎𝑛𝑠

2𝜋𝛾
        (2.19) 

Using that 

𝑙𝑓𝑟𝑒𝑒 = √
2𝜋𝑘𝐵𝑇

𝛬𝑓𝑟𝑒𝑒
  with 𝛬𝑓𝑟𝑒𝑒 = (

𝛿2𝑈

𝛿𝑥2)
𝑓𝑟𝑒𝑒

      (2.20) 

𝑙𝑡𝑟𝑎𝑛𝑠 = √
2𝜋𝑘𝐵𝑇

𝛬𝑡𝑟𝑎𝑛𝑠
  with 𝛬𝑡𝑟𝑎𝑛𝑠 = (

𝛿2𝑈

𝛿𝑥2)
𝑡𝑟𝑎𝑛𝑠

     (2.21) 

𝛾 = 2𝜋𝜂𝑅          (2.22) 
 
The length 𝑙𝑓𝑟𝑒𝑒  is a measure for the confinement of the particles in the quasi-free state. In a 

harmonic approximation, it is derived from the local curvature 𝛬𝑓𝑟𝑒𝑒 in the secondary minimum of 

the total potential energy. Likewise, 𝑙𝑡𝑟𝑎𝑛𝑠 is a measure for the energy-weighted width of the 

barrier, local to the transition state. This can also be derived from the curvature of the barrier, in this 

case  𝛬𝑡𝑟𝑎𝑛𝑠. The damping constant 𝛾 is derived from Stokes law. 

 

 

 

 

 

 

 

Fig 2.1: Potential energy profile for two particles in solution. a) A typical potential energy profile, calculated 

for Ademtech COOH particles with surface potential -29.5 mV. b) The same potential energy landscape as fig a, 

at shorter particle-to-particle distance. The primary minimum corresponds to the ‘aggregated’ state, the 

secondary minimum to the ‘quasi-free’ state. The energy barrier for aggregation is 𝑈𝑏. The barrier increases 

with a more negative surface potential of particles 𝜑0. c) Hydrated shell model. A particle of radius R has a shell 

of thickness 𝛿𝑅 which is partially hydrated, indicated by a solid volume fraction 𝛼 (and thereby a volume 

fraction 1 − 𝛼 water). 

In chapter 5, measured aggregation rates are compared to calculated aggregation rates, which have 

been determined using the DLVO-like model as summarized above.   
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3. Materials and methods 

In this chapter, it is described how the optomagnetic cluster detection is used to quantify the 

number of clusters in a sample. In section 3.1, it is explained how light scattering signals are 

recorded and how the number of clusters can be extracted from these signals by the use of a Fourier 

transformation. In section 3.2, the setup used for the optomagnetic cluster experiment is described. 

In section 3.3, it is explained how particle surface charge is determined using zeta potential 

measurements. In section 3.4, materials used in the experiments are introduced. 

3.1 Optomagnetic cluster detection 
Clusters are detected in solution using an optomagnetic readout. This readout is based on the 

optomagnetic cluster assay by Andrea Ranzoni1, which is used to detect specific cluster formation by 

biological analytes. The technique uses magnetically induced cluster rotation to modulate light 

scattering, which provides high sensitivity without suffering from large background signals from the 

probe volume1. Below it is explained how this method can be used to detect clusters in solution. 

The optomagnetic cluster experiment is depicted in Fig 3.1a. A cuvette with a solution of 

superparamagnetic particles is illuminated by a focused laser beam that is collimated along the z-

axis. By the usage of a quadrupole magnet around the cuvette, a rotating magnetic field is applied in 

the solution. This causes clusters of superparamagnetic particles to rotate with the field. The 

incident laser light is scattered on the clusters in the solution. The intensity of the scattering is 

dependent on the scattering cross section of the particles, the number of particles inside the focus 

volume and the location of the detector with respect to the position of the quadrupole-cuvette 

setup. The scattering cross section of single particles is independent of the orientation of the particle 

(in the approximation that particles are perfect spheres). The scattered signal from the single 

particles will therefore be constant over time. However, the scattering cross section of doublets and 

larger particle clusters does depend on orientation. The scattering cross section is lowest when the 

clusters are aligned parallel to the incoming laser beam, and highest when the clusters are aligned 

perpendicular to the laser beam. When a rotating magnetic field is applied to the solution, the 

orientation of the doublets and larger particle clusters with respect to the incoming laser beam 

changes over time, causing the signal to oscillate over time. Fig 3.1b shows a typical optical 

scattering signal recorded on a photodetector, where the externally applied magnetic field has a 

frequency of 5 Hz. The signal was recorded on a detector situated at 90 degrees from the direction 

of the laser beam. Also, a geometrical cross section of a two-particle cluster is shown as function of 

the rotating angle. The graphs both show an oscillating behavior. In the geometrical cross section, 

the precise curvature of the true cross section is not present. The precise curvature is due to the fact 

that the scattering of monochromatic light by particles, where the light is on the order of the 

diameter of the particles, is described by Mie theory14. Here, the intensity of the scattered light 

shows an angular variation. The scattering is strongest in the forward direction, and decreases in 

amplitude with the scattering angle. However, an additional, strong “ripple” structure is found as 

function of the scattering angle. This is characteristic of Mie scattering. Along different scattering 

angles, constructive and destructive interference are the result of complex interactions of scattered 

and refracted light. If it is desired to model the precise scattering signal, this would have to be 
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simulated with Mie scattering calculations. However, these figures illustrate that the oscillating 

behavior of the signal is related to the scatter cross section. 

To obtain a measure for the number of clusters rotating in solution, the scattered light recorded on 

the photodetector is analyzed using a Fourier transform. This separates the frequency components 

present in the recorded signal from each other, see Fig 3.1c. Clusters that rotate in the solution will 

be found in the Fourier peak with twice the frequency of the rotating field. This is because during 

one full revolution of the magnetic field, the cluster is twice in the same orientation. Therefore, the 

amplitude of the frequency 2f peak is a measure for the number of clusters in the solution1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.1: Optomagnetic cluster experiment. a) Schematic representation of a cuvette filled with a particle 

solution, illuminated by a focused laser beam of wavelength 𝜆 = 660 𝑛𝑚. Four poles of a quadrupole magnet 

are situated around the cuvette in the horizontal y,z-plane, which allows the creation of a rotating magnetic 

field inside the cuvette around the x-axis. b) Typical optical scattering signal with an external magnetic field 

with frequency 5 Hz, recorded on a photodetector at 90 degrees, and the calculated geometrical cross section 

of a two-particle cluster as function of the rotation angle. The figures illustrate that the oscillating behavior of 

the signal is related to the scattering cross section, which depends on the direction of the rotating magnetic 

field. The amplitude of the oscillating signal (indicated by a red arrow) is a measure for the number of clusters 

in the solution. c) Fourier spectrum of a magnetic field pulse of 1 second. The amplitude of the 2f peak 

(encircled with red) is used as a measure for the number of clusters. 
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3.2. Experimental setup 
The experimental setup is schematically shown in Fig 3.2. The laser is purchased from ThorLabs 

(number LDC 205C), and emits at a wavelength of 660 nm. It is powered by a benchtop LD current 

controller. During the measurements a laser current of approximately 170 mA is used. A laser bundle 

with an elliptical shape and of p-polarized light enters the optic table through a laser diode 

(component 1). The light passes through two cylindrical lenses, which are aligned such that the spot 

in the focal plane is made circular (2). Then, the light is focused into a pinhole by a convex planar 

lens (𝑓 = 2 𝑚𝑚). The light coming out of the pinhole is now collimated in the z-direction, and made 

parallel again by another lens, this one planar convex (also 𝑓 = 2 𝑚𝑚) (3). Then, the light is 

reflected over an angle of 90 degrees by a mirror (4).  

By the usage of a convex planar lens (𝑓 = 150 𝑚𝑚) (5), the light is focused into a cuvette (6) of 

outside dimensions (1.23 ± 0.05)  × (1.23 ± 0.05)  × (20 ± 1) mm, of inside dimensions 

(1.00 ± 0.05) × (1.00 ± 0.05) × (20 ± 1) mm and with average wall thickness of 0.115 mm. 

The cuvettes were purchased from Hilgenberg (Art. Nr. 20 099 20) and are made of borosilicatglas 

3.3, as square capillaries with one end closed. The cuvette is situated in the center of a quadrupole 

magnet (7). The quadrupole magnet has been designed by Roland van Vliembergen and built by the 

Eindhoven Prototype Center (EPC), and consists of four soft iron pole tips with coils. The soft iron 

material is chosen because of its minimal remanent magnetic moment: when the field is turned off, 

the field will almost immediately go to zero. By using an oscillating current in each tip, with a phase 

lag of a quarter of a period from the previous tip, a rotating magnetic field is induced. Inside the 

cuvette, a solution with particles is present. The particles are superparamagnetic, and clusters will 

rotate with the externally applied rotating magnetic field. The light is scattered on the rotating 

clusters, and is collected by three photodetectors placed at scattering angles of 0, 16 and 90 degrees 

(9). To increase the amount of collected light in each detector, a convex lens (𝑓 = 75 𝑚𝑚) is put in 

front of each detector (8). All optical components were purchased from ThorLabs. The collected 

signals are amplified with an amplifier and converted to a digital signal using an AD-converter (10) 

and are sent to a computer, which collects the signals in Volt in a text file (11). A Labview program 

on the computer also portrays the signals in real-time. This same program is also used to actuate the 

quadrupole magnet (12). On the computer, the amplitude and the frequency of the magnetic field, 

the time the field is on, the time the field is off and the direction of the rotation can be set. 
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Fig 3.2: Experimental setup: 1. Laser diode produces elliptical laser beam. 2. Two cylindrical lenses make the 

light circular. 3. Pinhole surrounded by two lenses, the first convex planar and the second planar convex, that 

makes the light circular. 4. Mirror redirects light by 90 degrees. 5. Convex planar lens focuses light in the 

cuvette. 6. Cuvette, located at the center of a quadrupole magnet. 7. Quadrupole magnet that creates a 

rotating magnetic field. 8. Convex lenses focus scattered light into photodetectors. 9. Photodetectors situated 

at 0, 16 and 90 degrees w.r.t. the laser beam. 10. Amplifier and AD-converter. 11. Computer to save the signal 

collected on the detectors. 12. Program on computer drives the quadrupole magnet. 

3.3 Zeta potential measurements 
The surface charge of particles can be determined using the zeta potentials of particles in solution. 

The zeta potential is explained in section 2.3, and in section 5.2 it is explained how the surface 

charge of particles can be extracted from the zeta potential in more detail. The zeta potential is 

measured using a Malvern Zetasizer Nano ZS. Particles are diluted to 0.17 mg/ml with citric acid 

buffers of varying pH (using a salt concentration of 10−2 M) and with deionized water. The zeta 

potential is measured three times per sample. During the measurements, the used voltage over the 

fluid cell is limited to 10 V to prevent electrolysis at the electrodes. The fluid cell used in the 

Zetasizer is rinsed with deionized water three times before the start of measurements, between 

each sample and afterwards, to prevent mixing of samples. 

3.4 Used materials 
Superparamagnetic carboxylic acid coated particles with a diameter of 528 nm and coefficient of 

variation of 25% were purchased from Ademtech. In the experiments, the particles are diluted using 

citric acid buffers that consist of citric acid anhydrous, sodium citrate dihidrate and potassium 

chloride. The pH of buffers is varied by varying the relative concentrations of citric acid anhydrous 

and sodium citrate. In table 3.1 below, for each pH buffer (buffer strength 10 mM) the relative 

concentration of both salts is given with the amount of salt added in a buffer of 80 ml. Note that the 

amount of salt added in a buffer of 80 ml is low, and that the pH of the buffers can deviate from the 

desired pH by measurement errors. The actual pH of each buffer is determined using a pH meter. 
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The salt concentration is increased further by the addition of potassium chloride. The total salt 

concentration is varied from 10 mM to 150 mM, which means an addition of 0 to 140 mM potassium 

chloride. All salts were purchased from Sigma Aldrich. 

Table 3.1: relative salt concentrations of citric acid anhydrous and sodium citrate for pH buffers.  

pH Citric acid 
Molar conc. 
(mM) 

Citric acid 
Added mg  
in 80 ml 

Sodium citrate  
Molar conc. 
(mM) 

Sodium citrate 
Added mg  
in 80 ml 

4 6.24 95.9 3.76 88.4 

4.3 5.50 84.5 4.50 105.9 

4.5 4.97 76.4 5.03 118.2 

4.8 4.18 64.2 5.82 137.0 

5 3.66 56.2 6.34 149.1 

6.6 0.42 6.4 9.59 225.4 

 

To make microscope images of particles, a Leica DM 6000B has been used. Images of particles have 

been recorded using a 63x water immersion objective. 
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4. Measurement concept and validation 
results 

The goal of this research is to develop a method to quantify particle aggregation rates accelerated by 

external magnetic fields. In this chapter, it will be described how the optomagnetic cluster 

experiment can be used to achieve this goal. Fig 4.1 schematically shows the three phases needed to 

obtain aggregation rate constants: 1. Measuring the initial number of particle clusters. 2. Inducing 

particle aggregation using magnetic fields. 3. Measuring the resulting number of clusters.  In  

section 4.1 it will be elaborated how clusters are detected without inducing additional clusters. In 

section 4.2 it will be shown how particle aggregation can be induced in a controlled manner using 

magnetic fields. In section 4.3 it will be explained how the new number of clusters can be detected 

without residual induced clusters. In section 4.4 it will be described how aggregation rates can be 

obtained from this. Section 4.5 elaborates on an extended method to obtain aggregation rates in the 

case that aggregation rates are small. 

 

 

 

Fig. 4.1: Experimental concept: schematic representation of measurement concept of the optomagnetic cluster 

experiment. 

4.1 Independent cluster detection 
The optomagnetic cluster experiment, as explained in section 3.1, will be used to quantify the 

number of clusters in solution. In order to accurately quantify the number of clusters in the sample, 

the number of clusters should be stable over time. However, when an external magnetic field is 

applied to a solution of superparamagnetic particles, the particles are magnetized and start forming 

chains due to magnetic dipole-dipole interactions. The clusters that arise by this effect are held 

together by magnetic interactions instead of a chemical bond. These will henceforth be called 

magnetic clusters. The magnetic clusters contribute to the measured cluster signal. In order to only 

measure the number of clusters in the sample that are held together by a chemical bond, henceforth 

called chemical clusters, magnetic clusters should not be induced during the measurement. For this 

purpose, multiple short measurement pulses are used consecutively. Fig. 4.2a shows a scattering 

signal measured with a photodetector at 90 degrees and the corresponding measurement protocol 

for two measurement pulses. A magnetic field amplitude of 4 mT was used with rotational frequency 

5 Hz. The scattering signal shows an oscillating signal during the time an external rotating field is 

applied, which is called the on-time 𝑡𝑜𝑛. As explained in section 3.1, the amplitude of this oscillation 

is a measure of the number of clusters in the sample via the 2f peak in the Fourier spectrum (the 

|A2f|). When the field is turned off between the pulses, only a background scatter signal is recorded 

because of light scattering on all particles in solution. This time is referred to as the off-time 𝑡𝑜𝑓𝑓. 

Four parameters can be varied to optimize the detection of clusters in solution: the on-time and off-

time of the magnetic field pulses and the amplitude and rotational frequency of the external 

Measure  

# clusters 

Induce 

aggregation 

Measure new  

# clusters 

Phase 1 Phase 2 Phase 3 



20 
 

magnetic field. The on-time of a pulse affects the number of magnetic clusters formed as a result of 

dipole-dipole interactions of magnetized particles. The off-time of a pulse influences the time 

particles are given to freely diffuse in the sample. If a short off-time is used, it is possible that more 

magnetic clusters are formed over time, because not enough time is given for the particles to 

redistribute randomly again after the previous on-time. The amplitude of the magnetic field pulse 

will have an effect on the magnitude of the magnetic dipole-dipole interaction, and the rotational 

frequency will determine whether or not particles and clusters are able to follow the rotating 

magnetic field properly, dependent on the critical frequency. 

Measurements have been performed to optimize the on- and off-time, which will be explained in 

detail below. For all measurements, a magnetic field amplitude of 4 mT and a rotational frequency of 

5 Hz are chosen.  With increasing magnetic field amplitude the magnetic dipole-dipole interaction 

between particles increases, which implies that particles are pushed together more strongly. This 

can result in immediate chemical cluster formation, if the field amplitude is too strong. In order to 

limit this non-specific aggregation, magnetic field amplitudes of approximately 4 mT have been used 

in previous research by Andrea Ranzoni1. In his research it was found that, using this magnetic field 

amplitude, the critical frequency is not yet reached for two-particle clusters when using a rotational 

frequency of 5 Hz. All particles will therefore be able to follow the rotating field properly, and can be 

detected. 

Fig 4.2b shows a measurement where the on-time of measurement pulses has been varied, using a 

fixed off-time of 5 seconds. In total 50 pulses were measured. The measurements show that the 

amplitude of the 2f peak increases when a longer on-time is used for each pulse. Since the amplitude 

of the 2f peak is determined as the average amplitude of the oscillating signal over the entire 

duration of the pulse, an increasing amplitude during the on-time will result in a larger 2f amplitude. 

It can therefore be concluded that a larger number of magnetic clusters are formed when the on-

time of the measurement pulses increases. To only probe the number of chemical clusters, a short 

on-time should be used. A significant increase in the 2f amplitude is seen when the on-time of a 

pulse is larger than 2 seconds. Therefore, an on-time of 2 seconds or less should be chosen to probe 

chemical clusters in solution. 

Fig 4.2c shows a measurement where the off-time of measurement pulses has been varied, using a 

fixed on-time of 1 second. During the on-time particles are attractive, and gain proximity. The off-

time in between pulses allows particles to freely diffuse and redistribute homogeneously in solution. 

During short off-times the particles cannot redistribute completely, and can therefore form magnetic 

clusters more easily during the next magnetic field pulse. A short off-time will therefore result in the 

formation of more magnetic clusters over time. For an off-time of 0.2 seconds it is seen in the 

measurement that the 2f amplitude increases significantly over time. If the off-time is 1 second or 

longer, the amplitude does not increase significantly over time. Therefore, an off-time of 1 second or 

longer should be chosen to probe clusters in solution. 

Henceforth, an on-time of 1 second and an off-time of 5 seconds will be used for magnetic field 

pulses to quantify the number of clusters in solution without inducing extra magnetic clusters in the 

process. To verify that the measured clustering signal, the amplitude of the 2f peak, scales linearly 

with the number of clusters in solution a calibration curve has been measured for the stock solution 

of Ademtech COOH particles, which is shown in Fig. 4.2d. Since a small fraction of particles in the 
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stock solution is already present in doublet form (it was found that approximately 1 in 20 particles is 

a doublet, see inset Fig. 4.2d), the amount of doublets in the experiment can be varied by varying 

the particle concentration. The measurements indeed show a linear behavior on a log-log scale. The 

slope of the fit equals 1.04 ± 0.1 which indicates that the 2f amplitude indeed increases linearly 

with the concentration of particles, and therefore also linearly with the concentration of doublets in 

the sample. This verifies that the magnetic field pulses can indeed be used to accurately detect 

clusters in solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2: Cluster detection. a) Scattering signal recorded on a photodetector located at an angle of 90 degrees 

w.r.t. the laser and the corresponding measurement protocol of two magnetic field pulses, with an on-time 𝑡𝑜𝑛 

and off-time 𝑡𝑜𝑓𝑓. The amplitude of the oscillating signal during the on-time of the field is a measure of the 

number of clusters/doublets in the solution. b) The amplitude of the 2f peak over time for 50 measurement 

pulses with varying on-time. Longer on-times lead to higher amplitudes due to additional magnetic clusters 

arising during the time the field is on. An on-time of 1 second will be used in following measurements.  

c) The amplitude of the 2f peak over time for 50 measurement pulses with varying off-time. Shorter off-times 

lead to higher amplitudes because particles cannot redistribute completely in the solution, and can more easily 

form magnetic clusters during the next magnetic field pulse. An off-time of 5 seconds will be used in the 

following measurements. d) Calibration curve for clusters in solution. The amplitude of the 2f Fourier peak 

increases linearly with the concentration of particles and therefore also with doublet concentrations. The inset 

shows a microscopy image of Ademtech Masterbeads COOH. About 1 in 20 particles in the stock solution is 

already a cluster. 
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4.2 Controlled cluster formation 
In order to quantify particle aggregation rates in the presence of a magnetic field, clusters need to 

be formed in a controlled way. In the absence of an external magnetic field, clusters are formed via a 

multistep process as explained in section 2.2. After two particles encounter one another, a cluster 

can be formed when non-specific aggregation occurs. This is however a diffusion limited process. In 

the presence of a magnetic field, the formation of clusters is accelerated. In the previous paragraph, 

it has been found that if the on-time of a magnetic field pulse (used to detect clusters in solution) is 

too long, magnetic clusters are formed: particles brought and held together by the external rotating 

magnetic field. This phenomenon can also be used to quantify the acceleration of the aggregation 

process. When a rotating magnetic field is used for a longer time period, in the order of seconds to 

minutes, many particles are brought together in chains. This allows particles to react chemically with 

their neighbor(s), and form chemical clusters in shorter time-periods than during the thermal 

process of aggregation.  

In this section, the creation of clusters is investigated by looking at the evolution of the 2f amplitude 

of the Fourier spectrum over time. This is done for varying field amplitudes and particle 

concentrations. When a larger magnetic field amplitude is used, particles are attracted to each other 

more strongly by dipole-dipole interactions. It is therefore expected that the rate at which magnetic 

clusters are formed will increase, and that larger clusters will be formed sooner. When a lower 

concentration of particles is used, the average distance between particles will be larger in the 

absence of a magnetic field. Also, the absolute number of particles per unit volume will be lower. It 

is therefore expected that, by decreasing the particle concentration, the rate at which clusters are 

formed will be lower and that the absolute number of clusters formed will be lower. 

Fig 4.3a shows a scattering signal recorded with a photodetector situated at 90 degrees and the 

corresponding actuation protocol. Since the external rotating magnetic field is applied for a longer 

time period, and does not show a pulsed behavior as when detecting chemical clusters, the external 

magnetic field applied during this time will be referred to as continuous. The time that the 

continuous rotating magnetic field is on is referred to as the actuation time 𝑡𝑎𝑐𝑡, which is 1 minute in 

the shown figure. A rotating magnetic field is used because this allows real-time monitoring of 

magnetic cluster formation: clusters cannot be detected with the optomagnetic cluster experiment 

when a static field is used. In the figure it is seen that the recorded signal increases in amplitude 

during the actuation time, indicating magnetic cluster formation. When the field is turned off after 

one minute, only a background scatter signal is recorded because of light scattering on the particles 

in solution. The time the continuous rotating magnetic field is turned off is referred to as the off-

time 𝑡𝑜𝑓𝑓. 

Fig. 4.3b shows the 2f amplitude, recorded on a photodetector situated at a scattering angle of 90 

degrees, as function of time while a continuous rotating magnetic field is applied. Initially the 

amplitude of the 2f peak increases linearly. After some time the increase becomes sublinear until the 

2f amplitude reaches a maximum. After that, the amplitude decreases. The characteristics of this 

signal can be explained as follows. Initially, the sample has many singlets and a few doublets. When 

the magnetic field is applied, magnetic clusters are formed. These will mostly be doublets due to the 

abundance of singlets. In this regime, the 2f amplitude increases linearly. Over time, fewer singlets 

are left: the speed at which magnetic doublets are formed will decrease. Also more clusters of more 

than two particles will be formed: singlets and doublets will start forming triplets, doublets will form 
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quadruplets, and so on. Larger clusters will have different scatter cross sections. This most likely 

causes a deviation from linearity in the increase of the 2f amplitude over time. Another effect that 

can explain the deviation is a phase lag. If triplets rotate with a phase lag with respect to the 

doublets, the oscillating signals of triplets and doublets will not add constructively. The net 

amplitude of the 2f peak will then be lower. Also, sedimentation out of the focus volume of the laser 

can occur for large clusters. These clusters will then not contribute to the 2f amplitude. All these 

scattering effects of larger clusters can lead to a decrease in the amplitude of the 2f peak over time. 

Fig 4.3b also shows the evolution of the 2f amplitude for varying magnetic field amplitudes. For 

larger magnetic fields, the slope of the initial linear increase is larger. This is caused by the stronger 

magnetic dipole-dipole interactions between the particles. Additionally, the maximum amplitude of 

the 2f peak is reached at shorter times, as faster doublet formation also implies faster formation of 

larger clusters. 

Fig 4.3c shows the 2f amplitude as a function of time while a continuous rotating magnetic field is 

applied, but in this case recorded on a photodetector situated at 16 degrees. The signals recorded 

on both photodetectors can be compared. It is seen that the recorded cluster formation kinetics vary 

between the detector angles. At 16 degrees the maxima of the curves shift to larger actuation times. 

This suggests that the scattering cross section of larger clusters is more dominant in the forward 

direction, causing that the signal at 16 degrees is dominated by larger clusters. To check whether this 

is indeed the case, a calibration curve has also been made for the detector at 16 degrees. The 

calibration curve is shown in appendix S2. The signal recorded on the detector is approximately 1 

order lower than the signal recorded at 90 degrees. Since Mie scattering is largest in forward 

direction (see section 3.1), and very few larger clusters are present in stock solution, this agrees with 

the argument that the signal at 16 degrees is dominated by larger clusters. Additionally, it is found 

that the 2f amplitude scales with the particle concentration with a power 0.8 ± 0.3. Since the 

detector at 90 degrees scales linearly with doublet concentration, it is hereby concluded that the 

detected signal at 90 degrees will be used to determine particle aggregation rates. 

Figure 4.3d shows the 2f amplitude as function of time while a continuous rotating magnetic field is 

applied for different particle concentrations. The value of the maximum 2f amplitude increases with 

concentration, as there are more single particles per unit volume that can form clusters. It is found 

that the maximum 2f amplitude increases linearly with the concentration, with a power 1.1 ± 0.8. 

In order to validate this (and decrease the value of the error) actuation phases should be recorded 

for more concentrations. In Fig 4.3d it is also seen that for higher concentrations the maximum shifts 

to shorter actuation times, as higher concentration results in lower particle to particle distance, 

causing faster cluster formation and therewith also faster formation of larger clusters. 
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Fig 4.3: Cluster formation. a) Scattering signal during an actuation pulse in which a continuously rotating 

magnetic field is present, and the corresponding actuation protocol. A magnetic field amplitude of 4 mT with 

rotation frequency of 5 Hz is used. The scattering signal recorded on a photodetector at 90 degrees shows an 

increase in amplitude over time. The inset shows the periodic modulation of the signal. The time the 

continuously rotating magnetic field is present is the actuation time 𝑡𝑎𝑐𝑡 and the time the field is absent is the 

off-time 𝑡𝑜𝑓𝑓. b) The amplitude of the 2f peak determined for each second individually over time for various 

magnetic field amplitudes, recorded with a photodetector at 90 degrees. In the linear regime, mostly magnetic 

doublets are formed. Then, singlet depletion occurs and larger clusters are formed, causing the signal to 

decrease. c) The amplitude of the 2f peak determined per second over time for various magnetic field 

amplitudes recorded with a detector at 16 degrees. The curves recorded at 16 degrees shift to larger actuation 

times compared to the curves shown in Fig b, most likely due to the signal being dominated by larger clusters. 

d) The amplitude of the 2f peak, determined for each second individually, over time for various particle 

concentrations, recorded with a photodetector at 90 degrees. The evolution of the amplitude is shown for 6 

minutes (above) and for the first minute of the measurement (below). It is seen that the value of the 2f 

amplitude increases with concentration, and the maximum shifts to shorter actuation times. 

For the quantification of aggregation rates a particle concentration of 0.51 pM is adopted. At this 

concentration, the signal can easily be discerned from noise, which is more difficult when the 

concentration is decreased. When a larger particle concentration is used larger clusters are formed 

faster that do not contribute linearly to the 2f amplitude. 

In principle, all shown magnetic fields are applicable for magnetic cluster formation. Nevertheless, a 

constant amplitude of 4 mT will be used in the experiments to determine aggregation rates.  

𝑡𝑎𝑐𝑡 𝑡𝑜𝑓𝑓 

PD at 16˚  
[Particle] = 0.51 pM 

a. b. 

d. c. 

PD at 90˚  
[Particle] = 0.51 pM 

PD at 90˚  
B = 10 mT 
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A constant magnetic field amplitude avoids complications related to the variation of the 2f 

component of the measured signal with the magnitude of the applied field. It has been found (by 

Max Scheepers) that when using a higher magnetic field amplitude during the measurement phase, 

the mean amplitude of the 2f peak is higher but constant in time. This suggests that the number of 

clusters that are able to follow the magnetic field can vary with the field amplitude, which is 

probably related to the size distribution of the particles. When the amplitude of the continuous 

actuation pulse is higher than the amplitude of the measurement pulses, a different distribution of 

clusters will be formed. When the new number of clusters is measured after the continuous 

actuation pulse, not all formed clusters will be detected. This vouches for the usage of an equal 

amplitude during the measurement pulses and the actuation pulse. 

4.3 Particle redistribution after magnetic actuation 
In order to detect the increase of chemical clusters in the sample, the actuation pulse is followed up 

by measurement pulses. In doing this, it can be determined what fraction of magnetically formed 

clusters during the continuous magnetic field have reacted chemically during the actuation time. 

However, immediately after the continuous actuation pulse the sample consists of both chemical 

and magnetic clusters. In order to measure only the number of chemical clusters, the particles in the 

magnetic clusters should be given enough time to diffuse away from each other and redistribute 

homogeneously in the solution. The off-time directly after the actuation pulse is investigated to 

determine how much time is needed for this. Since the off-time after the continuous magnetic field 

pulse is related to diffusion, it will henceforth be referred to as the diffusion time 𝑡𝑑𝑖𝑓. 

The actual diffusion time required before the number of chemical clusters can be probed has been 

measured experimentally. Fig 4.4 shows the magnetic actuation and the amplitude of the 2f peak 

where first an actuation pulse of 2 minutes was applied, and then after a varying diffusion time 

several measurement pulses were performed. All curves with varying diffusion time are plotted on 

top of each other. It can be seen that when the measurement phase immediately follows the 

actuation pulse, the measured 2f amplitude has not yet reached a stable value. A stable value is 

reached after 1 minute. Therefore, in order to detect the number of chemical clusters after an 

actuation pulse without measuring residual magnetic clusters, a diffusion time of at least 1 minute 

should be used. 

To verify that the measured time-dependent decrease of the 2f amplitude is indeed due to the 

diffusion of particles, a 3d Brownian Dynamics model might be developed. This model should take 

into account the interacting forces between particles, as have been explained in section 2.3, and the 

fact that they are not point particles but particles of finite size. Additionally, the effect of the 

magnetic field pulses on inter-particle distance should be taken into account. This is however 

beyond the scope of this research. Furthermore, as can be seen in the inset of Fig. 4.4, only a handful 

of data points have been collected in the regime where the amplitude of the 2f decreases most 

significantly. In order to properly model the behavior that is seen, more data points should be 

collected in this regime. 
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Fig. 4.4: Particle redistribution. The recorded 2f amplitude over time and an example of an actuation protocol, 

where a diffusion time of 1 minute was used. An actuation time of 2 minutes is followed by multiple sequences 

of measurement pulses, where the time between the actuation and measurement phase (𝑡𝑑𝑖𝑓) has been varied. 

All curves with varying diffusion time have been plotted on top of each other. All data points lie on one curve, 

showing a decreasing amplitude in the first minute and a steady signal after 1 minute. It can be seen in the 

inset of the scattering signal plot that the signal drops significantly during the first second that the field has 

been turned off. Since the measurement pulse cannot immediately follow the actuation pulse, the number of 

data points that can be collected during this significant drop of signal is limited. 

4.4 Quantification of particle aggregation rates 
In the previous sections, the experimental parameters to detect clusters in solution and to 

accelerate the non-specific particle aggregation process using external magnetic fields have been 

determined. Combining these two processes allows the quantification of a particle aggregation rate. 

A schematic representation of the quantification process is shown in Fig 4.5. 

To quantify the induced number of chemical clusters, it is necessary to know the amount of chemical 

clusters initially present in the sample before new clusters are induced. Therefore, an initial phase in 

the protocol is a measurement phase in which typically 25 measurement pulses are performed. 

Then, magnetic clusters are formed during an actuation phase. A fraction of the magnetic clusters 

will be converted into chemical clusters by non-specific interactions. This will cause an increase in 

the number of clusters detected, ∆𝑁𝑐ℎ𝑒𝑚 , in a subsequent measurement phase, as shown in Fig 

4.5b. The fraction of magnetic clusters that is converted into chemical clusters is equal to the ratio of 

∆𝑁𝑐ℎ𝑒𝑚 over the total number of magnetic clusters that was formed during the actuation pulse: 

∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  , where 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡 is the increase in the 2f amplitude by the formation of magnetic 

clusters at time 𝑡 = 𝑡𝑎𝑐𝑡. Note that the number of clusters is discussed, whereas amplitudes of the 2f 

peak are measured. As described in section 4.1 the amplitude of the 2f peak is directly related to the 

number of clusters via a calibration constant. Since the ratio of chemical clusters over magnetic 

clusters is the parameter of interest, it is not necessary to know the calibration constant. 

 

 

 

𝑡𝑑𝑖𝑓 
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Fig 4.5: Quantifying particle aggregation rates. During the initial measurement phase, a pulsed magnetic field 

is used to measure the number of clusters already present in the sample. During the actuation phase, magnetic 

clusters are formed using a continuously rotating magnetic field. A fraction of magnetic clusters will be 

converted into chemical clusters. During the off-time of the actuation phase, no magnetic field is used and 

particles can diffuse freely in the sample. A diffusion time is chosen so that no magnetic clusters are detected 

during the second measurement phase, where an increase in chemical clusters is detected. a) Schematic 

representation of particle aggregation kinetics during each phase. b) Amplitude of the Fourier peak of the 

scattering signal over time. The increased number of chemical clusters detected is ∆𝑁𝑐ℎ𝑒𝑚  , the used actuation 

time 𝑡𝑎𝑐𝑡. The total number of magnetic clusters formed during the actuation time is 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡 and the diffusion 

time is  𝑡𝑑𝑖𝑓. c) Magnetic actuation protocol used during each phase: pulsed rotating magnetic fields during the 

measurement phases, a continuously rotating magnetic field during the actuation phase, all with amplitude 4 

mT and rotation frequency 5Hz. 

The fraction of magnetic clusters that form a chemical bond depends on the time that the magnetic 

clusters can interact. This interaction time differs for magnetic clusters formed at different time 

points during the actuation pulse. The actuation time itself is thus not a measure for the interaction 

time of particles. Therefore, an average interaction time per cluster is determined. The average 

interaction time per particle 〈𝑡𝑖𝑛𝑡〉 is determined by the surface under the actuation curve, which is 

the total interaction time of all magnetically formed clusters, divided by the total number of 

magnetic clusters formed: 

 Measurement phase                                    Actuation phase                                  Measurement phase 

𝐵𝑒𝑥𝑡 a. 

    b. 

    c. 

𝒕 = 𝒕𝟎 
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𝑡𝑖𝑛𝑡,𝑡𝑜𝑡 = ∫ (|𝐴2𝑓(𝑡)|  − |𝐴2𝑓(𝑡 = 𝑡0)|) 𝑑𝑡
𝑡0+𝑡𝑎𝑐𝑡

𝑡0
    (4.1) 

〈𝑡𝑖𝑛𝑡〉 =  
∫  (|𝐴2𝑓(𝑡)| −|𝐴2𝑓(𝑡=𝑡0)|)  𝑑𝑡

𝑡0+𝑡𝑎𝑐𝑡
𝑡0

|𝐴2𝑓(𝑡=𝑡𝑎𝑐𝑡)| 
=

𝑡𝑖𝑛𝑡

𝑁𝑚𝑎𝑔,𝑡𝑜𝑡(𝑡=𝑡𝑎𝑐𝑡)
   (4.2) 

It has been found in section 4.2 that the amplitude of the 2f peak initially increases linearly, which is 

when mostly doublets are formed. In this regime, the average interaction time is reduced to 

〈𝑡𝑖𝑛𝑡〉 =  
1

2⁄ ∙𝑡𝑎𝑐𝑡∙𝑁𝑚𝑎𝑔,𝑡𝑜𝑡(𝑡𝑎𝑐𝑡)

𝑁𝑚𝑎𝑔,𝑡𝑜𝑡(𝑡𝑎𝑐𝑡)
=  

1

2
∙ 𝑡𝑎𝑐𝑡      (4.3) 

In measurements, short actuation times will be used where the increase in the 2f amplitude is linear. 

In this regime, mostly magnetic doublets and therefore chemical doublets will be formed. When a 

longer actuation time is used, larger chemical clusters will also be formed. These larger clusters will 

possibly not be measured in the 2f amplitude, as has been explained in section 4.2. Additionally, the 

average interaction time will be underestimated as a consequence of the non-linear increase of the 

2f amplitude. The determination of average interaction times is more accurate for short actuation 

times. This limitation implies that a maximum actuation time of 1 minute should be used when a 

magnetic field amplitude of 4 mT is applied. In order to quantify aggregation rates, a significant 

increase in number of clusters should be measured using an actuation time of less than 1 minute. If a 

small number of chemical clusters is formed during the short actuation phase, these can possibly not 

be discerned from noise in the signal. Then, the corresponding aggregation rate cannot be 

determined. In the following section, a solution for measuring low aggregation rates is posited. 

The particle aggregation rate 𝑘𝑎𝑔𝑔 can be determined from experiments using the formula 

∆𝑁𝑐ℎ𝑒𝑚

𝑁𝑚𝑎𝑔,𝑡𝑜𝑡
= 𝑘𝑎𝑔𝑔 ∙ 〈𝑡𝑖𝑛𝑡〉         (4.4) 

The aggregation rate describes the fraction of magnetically formed doublets that reacts chemically, 

thus forming a chemical cluster, expressed per average interaction time. The aggregation rate is 

equal to the expression for the aggregation rate stated in formula 2.5. 

4.5 Determining low particle aggregation rates using a multiple-step 

process 
A consequence of using short actuation times is that a significant number of chemical clusters should 

be formed to be able to determine an accurate particle aggregation rate. For systems with low 

particle aggregation rates, it can be difficult to discern an increase in chemical clusters from noise. 

Using a multiple-step process allows the determination of particle aggregation rates for systems that 

are less reactive.  During this process, multiple measurement and actuation phases are used in 

series. A scattering signal, recorded with a photodetector at 90 degrees, and the corresponding 

magnetic actuation are shown in Fig 4.6a. For each step the ratio ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  is calculated 

individually, and is plotted accumulatively as function of the accumulated average interaction time. 

An example of such a measurement is shown in Fig. 4.6b. The slope of the linear fit is equal to the 

particle aggregation rate 𝑘𝑎𝑔𝑔. To achieve these results, 11 measurement phases with 25 

measurement pulses each were used, and 10 actuation pulses with 𝑡𝑎𝑐𝑡 = 30 sec and 𝑡𝑑𝑖𝑓 = 1 min. 
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Slope = 𝑘𝑎𝑔𝑔 

 

 

 

 

 

 

 

 

 

Fig. 4.6: Multi-step aggregation rate quantification. a) Amplitude of the 2f peak and the actuation protocol of 

the multiple-step process. b) Ratio ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  as function of the accumulated average interaction time. 

The slope of the curve is the aggregation rate 𝑘𝑎𝑔𝑔. 

4.6 Conclusion 
In this chapter the process of cluster detection and the acceleration of cluster formation have been 

unraveled.  It has been found (in section 4.1) that clusters can be detected in a sample when using a 

pulsed magnetic field with 𝑡𝑜𝑛 = 1 sec, 𝑡𝑜𝑓𝑓 = 5 sec, a magnetic field amplitude of 4 mT and a 

rotational frequency of 5 Hz. Using these settings, chemical clusters can be detected in solution 

without inducing additional clusters as a result of magnetic dipole-dipole interactions. A method has 

been developed (in section 4.2) for the formation of clusters by using a continuous rotating magnetic 

field, which allows particles to gain proximity by dipole-dipole interactions. In experiments,  

a magnetic field amplitude of 4 mT is used for both detection and actuation, with a rotational 

frequency of 5 Hz. A protocol has been developed (in section 4.4) to quantify particle aggregation 

rates. This protocol consists of three steps: 1. Detect the initial number of chemical clusters in the 

sample. 2. Induce particle aggregation using a continuous rotating magnetic field for a time of 

maximal 60 seconds. 3. Detect the new number of chemical clusters in the sample, once the 

particles remaining in magnetic clusters have had enough time to redistribute homogeneously in 

solution (as discussed in section 4.3). Using the ratio of the number of chemically induced clusters 

and the total number of magnetic clusters formed during the continuous magnetic field combined 

with the average interaction time (in the linear regime equal to half of the time of the continuous 

magnetic field pulse) allows the quantification of the particle aggregation rate 𝑘𝑎𝑔𝑔 for particles in 

the sample. In the case that the number of formed chemical clusters is difficult to discern from the 

signal, an expanded multi-step protocol can be used (as discussed in section 4.5). 

 

 

  

PD at 90˚  
a. b. 
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5. The effect of electrostatic interaction 
on particle aggregation 

In the previous chapter, a protocol was developed to quantify particle aggregation rates using the 

optomagnetic cluster experiment. This allows the study of the influence of electrostatic interaction 

on particle aggregation. In this chapter, the charge of the particles is controlled by changing the pH 

of the buffer solution, and the electrostatic screening of ions in the solution is controlled by changing 

the salt concentration of the buffer solution. In section 5.1, experimentally obtained particle 

aggregation rates are shown. The accuracy of the measurements is discussed (in subsection 5.1.1) 

and the influence of surface charge (5.1.2) and charge screening (5.1.3) on the aggregation rate is 

shown. In section 5.2, the surface potential is derived from the zeta potential. In section 5.3, the 

experimentally obtained aggregation rates are compared with calculations of the aggregation rate by 

the DLVO model as described in section 2.3. The validity of the model is discussed (in subsection 

5.3.1), the calculated behavior of the aggregation rate as function of the surface charge (5.3.2) and 

charge screening (5.3.3) is compared to measured aggregation rates and it is discussed how the 

model can be improved. 

5.1 Experimentally obtained aggregation rates 
In this section experimentally obtained aggregation rates are discussed (subsection 5.1.1), and the 

influence of electrostatic interaction on the aggregation rate is investigated as function of pH 

(subsection 5.1.2) and salt concentration (subsection 5.1.3).  

5.1.1 Measuring aggregation rates 
In Fig 5.1a and b measurements are shown for particles diluted in a citric acid buffer of pH 4.3 and 

5.3, respectively. Both buffers have a salt concentration of 1.5 ∙  10−1 M. The aggregation rates are 

found to be 𝑘𝑎𝑔𝑔 = (8 ± 2)  ∙ 10−3 𝑠−1 for particles in the pH 4.3 buffer and  

𝑘𝑎𝑔𝑔 = (8 ± 5)  ∙ 10−4 𝑠−1 for particles in the pH 5.3 buffer. It is seen that the ratio 

∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  at lower pH increases more rapidly and with smaller error bars than the ratio 

∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  at higher pH. This results in a more precise determination of the aggregation rate. 

These measurements suggest that the accuracy in the determination of aggregation rates strongly 

depends on the actual aggregation rate itself: for higher aggregation rates a better accuracy is 

obtained. 

For particles in the acid buffer of pH 4.3, the value for ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  becomes larger than one. 

At first sight, this suggests that more than 100% of the particles in the solution have formed a 

doublet. However, a value larger than one is possible because the value does not indicate the 

percentage of chemically formed doublets, but each step indicates the percentage of magnetically 

induced clusters that has reacted chemically: i.e. if ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  = 0.1 then 10% of the magnetic 

clusters has formed chemical doublets during that step. The actual percentage of formed chemical 

doublets in the total number of particles in solution will be much lower, as not all particles had 

formed a magnetic doublet. It has been chosen to represent ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  of each step as the 

cumulative value, since this allows the determination of an aggregation rate from the slope of the 

curve. 
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Fig. 5.1: Aggregation rate measurements. a) Ratio ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  as function of average interaction time 

for carboxyl coated particles in acid buffer of pH 4.3. It is found from a linear fit that  

𝑘𝑎𝑔𝑔 = (8 ± 2) ∙ 10−3 𝑠−1. b) Ratio ∆𝑁𝑐ℎ𝑒𝑚 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡⁄  as function of average interaction time for carboxyl 

coated particles in acid buffer of pH 5.3. From a linear fit it has been found that 𝑘𝑎𝑔𝑔 = (8 ± 5) ∙ 10−4 𝑠−1.  

c) 2f amplitude over time for the multistep process corresponding to fig a. The multistep process uses 11 

measurement and 10 actuation phases. In the figure, the first six measurement phases and five actuation 

phases are shown in blue and red, respectively.  d) 2f amplitude over time for the multistep process 

corresponding to fig b. The multistep process uses 11 measurement and 10 actuation phases. In the figure, the 

first six measurement phases and five actuation phases are shown in blue and red, respectively.   

Fig 5.1c and d show the amplitude of the 2f peak over time during the measurement, for acid buffer 

of pH 4.3 and 5.3 respectively. The first six out of eleven measurement phases are shown in blue, 

and the first five out of ten actuation phases are shown in red. When Fig 5.1c and d are compared, it 

is seen that the absolute value of the 2f amplitude during the initial measurement phase is different 

for the measurements: approximately 0.1 V versus 0.07 V. A possible explanation for this difference 

is that doublets have already formed in the buffer of pH 4.3 before the sample was added into a 

cuvette. Another possibility is sample variation: if the concentration of particles (and thereby 

doublets) is a bit higher, the amplitude of the 2f peak increases. It is also seen in the figures that the 

absolute value of 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡 is different for acid buffer of pH 4.3 and 5.3. A value of approximately 

0.15 V is found for the particles in buffer of pH 4.3, a value of approximately 0.11 V for particles in a 

[Particle] = 0.51 pM 

B = 4 mT 

PD at 90˚ 

pH 5.3 
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buffer of pH 5.3. This difference could also be due to sample variation: the maximum number of 

magnetic clusters that can be formed during the actuation phase increases with concentration as 

well, as has been shown in section 4.2. In both figures it can also be observed that the value for 

𝑁𝑚𝑎𝑔,𝑡𝑜𝑡 varies between different actuation pulses. The varying height at the end of the actuation 

phase is caused by the Brownian nature of the magnetic cluster formation process: for each 

actuation phase the spatial distribution of particles is different and the random Brownian motion of 

all particles is different. 

It can also be observed in Fig 5.1d that the absolute value of the 2f amplitude fluctuates significantly 

during the measurement phases, especially after 15 minutes. The variation in the 2f amplitude may 

be correlated to statistical variation in the number of clusters in the focus volume of the laser. In the 

case that the focus volume of the laser has a diameter of 0.1 mm (and is therefore circa of size 1 

pm3), and the concentration of particles is 0.51 pM, 3 ∙ 102 particles are estimated to be found in the 

focus volume. It has been estimated that approximately 1 in 20 particles is a doublet. If this is the 

case, then approximately 101 doublets are present in the focus volume. If one or a few of these 

doublets diffuse or sediment out of the focus volume, or if a cluster moves into the focus volume, 

the 2f amplitude changes significantly. The decrease or increase in amplitude will not be observed 

when a significant amount of chemical clusters is formed during the actuation phases, as is the case 

in Fig 5.1a/c. Since the aggregation rate in the citric acid buffer of pH 5.3 is lower, the number of 

chemical clusters increases less than for pH 4.3 during the actuation phases. This causes that these 

fluctuations in the 2f amplitude to be of more significance. To prevent measurements from having 

large fluctuations in the 2f amplitude, more measurement pulses could be used during the 

measurement phase. 

5.1.2 Influence of surface charge on aggregation rate  
The influence of electrostatic interaction on particle aggregation is investigated by controlling the 

charge of particles. This is done by varying the pH of the buffer solutions. Aggregation rates have 

been determined for Ademtech carboxyl coated particles in a range of pH buffers in which the total 

salt concentration is kept constant (1.5 ∙ 10−1 M). The pH controls the number of carboxyl groups 

that dissociate their hydrogen ion on the particles, and thereby the surface charge, as is generally 

explained in formula 2.8 and 2.9. The precise surface potential cannot be measured, and therefore 

as an alternative the zeta potential is used to obtain the surface charge. Fig 5.2a shows the 

measured zeta potential (at 10−2 M salt) as function of pH. It can be seen that the zeta potential 

becomes more negative for increasing pH: this implies that more hydrogen ions are dissociated from 

the carboxyl groups at higher pH. 

Fig 5.2b shows the aggregation rate as function of the measured zeta potential. For less negative 

zeta potentials, and thereby less negative surface charge, a higher aggregation rate is measured. In 

the curve, a non-linear behavior is found: between -5 and -4 mV the slope of the curve is larger than 

at more negative surface potentials. In the previous subsection, it was suggested that the accuracy 

for the determination of an aggregation rate increases with the aggregation rate itself. Therefore, it 

is expected that the determination of aggregation rates is limited to rates of approximately 10−3 𝑠−1 

and higher, and that the measured aggregation rates that are of this order are possibly lower in 

reality, but cannot be experimentally obtained. 
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Fig 5.2: Influence of pH on aggregation rate. a) The zeta potential (and thereby surface potential) of the 

carboxylic acid coated particles as function of buffer pH. The zeta potential decreases for increasing pH. b) 

Measured aggregation rates as function of the zeta potential. The aggregation rate increases with zeta 

potential.  

5.1.3 Influence of charge screening on aggregation rate 
The influence of electrostatic interaction on particle aggregation is also investigated by changing the 

salt concentration [KCl] of the buffer solution. Aggregation rates have been determined for 

Ademtech carboxyl coated particles in a 10 mM citric acid buffer of pH 4, for which the additional 

[KCl] is varied in the range of 0 to 140 mM.  

In Fig 5.3, the aggregation rate is shown as function of the total salt concentration, 10 mM + [KCl]. It 

is observed that the aggregation rate increases with [KCl]. However, when [KCl] is larger than 50 mM 

(thereby a total salt concentration of 60 mM), the aggregation rate does not increase further 

significantly. Possibly, the Debye length is already significantly small in this regime, smaller than the 

distance at which particles can form non-specific bonds. If this is the case, then indeed a further 

increase of [KCl] does not influence the aggregation rate. It would be interesting to investigate the 

aggregation rate at total salt concentrations lower than 10 mM. However, 10 mM salt is used to 

ensure the pH of the buffer. If the buffer concentration is lowered, the pH of the solution will at 

some point become unstable.    

 

 

 

 

 

 

 

Fig 5.3: Influence of salt concentration on aggregation rate. Measured aggregation rate as function of the 

total salt concentration (10 mM + [KCl]) for particles diluted in a citric acid buffer of pH 4. The aggregation rate 

increases with [KCl], but doesn’t increase significantly for [KCl] higher than 50 mM. 

a. b. 
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5.2 Determining surface potential 
 In section 5.3, experimentally obtained aggregation rates will be compared with calculated 

aggregation rates. The DLVO model, used to calculate aggregation rates, is explained in section 2.3. 

This model describes the four dominant contributions to the interaction potential as function of 

inter-particle distance: magnetic dipole attraction, electrostatic repulsion, Van der Waals attraction 

and Pauli exclusion. From the total interaction potential an aggregation rate is determined. In order 

to calculate the electrostatic contribution from the interaction potential, the surface potential of 

particles should be known. However, the surface potential is not directly measurable. In this section, 

it is explained how the surface potential can be extracted from the zeta potential.  

The zeta potential can be measured by electrophoretic mobility measurements, as explained in 

section 3.3. The zeta potential, the potential at the slipping plane, is lower in absolute value 

compared to the surface potential due to the electrostatic screening of ions. The zeta potential and 

surface potential are related via the relation11 

𝜑𝑥 = 𝜑0𝑒−𝜅𝑥         (5.1) 

In which 𝜑0 is the surface potential, 𝜑𝑥 is the potential at distance 𝑥 from the particle surface and 

𝜅−1 is the Debye length. In the case that 𝑥 is at the location of the slipping plane, 𝑥 = 𝑥𝑠𝑙𝑖𝑝, then 𝜑𝑥 

is the zeta potential. The surface potential can therefore be extracted from the zeta potential if the 

precise location of the slipping plane and the Debye length are known. The precise location of the 

slipping plane is not known, however it is argued in other research15,16 that the distance from the 

particle surface to the slipping plane is of the order of nanometers.  

The zeta potential has been measured for Ademtech carboxyl coated particles in deionized water, 

which has an ionic concentration of 10−7 M, and in a citric acid buffer with pH 7 and salt 

concentration of 10−2 M. Zeta potentials of −29.0 ± 0.7 mV and −15.4 ± 0.9 mV were found 

respectively. Fig 5.4a shows the potential |𝜑𝑥| for particles in both deionized water and a citric acid 

buffer, with a surface potential of -29.3 mV (calculated using formula 5.1 and the zeta potential in 

deionized water, chosen that the slipping plane is at 10 nm). It can be seen that the potential for 

particles in deionized water hardly changes over 30 nm, while the absolute value of the potential for 

particles in the citric acid buffer drops more rapidly. Therefore, the surface potential in deionized 

water will be close to the measured zeta potential. 

In order to estimate how much the surface potential can possibly deviate from the measured zeta 

potential in deionized water, the surface potential is calculated as function of the chosen location of 

the slipping plane 𝑥𝑠𝑙𝑖𝑝. The result is shown in Fig 5.4b. When the slipping plane is shifted to a larger 

x, the surface potential becomes more negative. It can be seen that over a range of 10 nm, the 

surface potential deviates from the zeta potential by approximately 1 mV. This indicates that the 

measured zeta potential in deionized water is indeed close to the true surface potential. Since the 

precise surface potential is unknown, but it is suggested that the distance from the particle surface 

to the slipping plane is of the order of nanometers, a surface potential of −29.8 ± 0.5 mV is chosen, 

which corresponds to a slipping plane between approximately 3 and 13 nm. 
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Fig 5.4: Determination of the surface potential. a) Calculated potential |𝜑𝑥| as function of distance to the 

surface x for deionized water (pH 7, [salt] = 10−7 M) and citric acid buffer (pH 7, [salt] = 10−2 M). b) Surface 

potential 𝜑0 as function of chosen location of the slipping plane 𝑥𝑠𝑙𝑖𝑝. 

Using this relation between the zeta potential and the surface potential of particles in deionized 

water, it is possible to calculate the surface potential of particles in citric acid buffers of varying pH 

with salt concentration of 1.5 ∙ 10−1 M (assuming that the location of the slipping plane is equal for 

particles in citric acid buffers of varying pH and knowing that the Debye length remains the same). 

5.3 Comparing experimental rates with calculated rates from a DLVO 

model 
In this section, experimentally obtained aggregation rates are compared with calculated aggregation 

rates from a DLVO model. It is determined for which range of the surface potential and salt 

concentration the model can be used to calculate aggregation rates and therefore which 

measurements can be compared quantitatively (in subsection 5.3.1). Subsequently, a comparison 

between calculated aggregation rates and experimentally obtained aggregation rates is made as 

function of surface charge (in subsection 5.3.2) and as function of charge screening (in subsection 

5.3.3). 

5.3.1 Validity range of DLVO model 
The aggregation rate can be determined from the DLVO model, where it is determined by the 

crossing of the electrostatic energy barrier 𝑈𝑏, as explained in section 2.3. The energy barrier is 

dependent on the surface potential of particles and the salt concentration of the solution. With 

some combinations of the surface potential and salt concentration, the energy barrier is absent in 

the interaction potential. In this case, the DLVO model assumes that particles aggregate immediately 

when brought in proximity by a magnetic field and gives an infinite value for the aggregation rate. 

Therefore, the range in which aggregation rates can be determined using this model is investigated 

as function of salt concentration and surface potential. For a range of salt concentrations from 0 to 

150 mM, it has been determined which absolute value of the surface potential is the minimum value 

that allows the calculation of an aggregation rate. Fig 5.5 shows an area plot of the result: the pink 

area indicates the region where the combination of salt concentrations and absolute values of the 

surface potentials does not allow the determination of an aggregation rate, and the white area 

where the combination does allow the determination of a finite aggregation rate. It can be seen in 

the inset figures that in the white area an energy barrier is present in the total interaction potential 

(inset 1), and that in the pink area the energy barrier is absent (inset 2).  

a. 
b. 
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The calculated surface potentials of particles in citric acid buffers of varying pH and salt 

concentration have been plotted on top of the area plot. It is observed that only one combination of 

the absolute value of the surface potential and salt concentration is situated in the region where the 

model allows calculation of finite aggregation rates. This point corresponds to the measurement of 

particles in a citric acid buffer of pH 7. For this measurement, an aggregation rate of 𝑘𝑎𝑔𝑔 = 

6 ∙ 10−4 (5 ∙ 10−5 − 2 ∙ 10−3) 𝑠−1 was experimentally obtained. Using a surface potential of 

−29.8 ± 0.5 mV (as determined in section 5.2) a calculated aggregation rate of 𝑘𝑎𝑔𝑔,𝐷𝐿𝑉𝑂 = 

3 ∙ 10−4 (4.2 ∙ 10−5 − 2 ∙ 10−3) 𝑠−1 is found. Thus, the calculated aggregation rate from the DLVO 

model is in correspondence with the measured aggregation rate. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.5: DLVO model as function of surface potential and salt concentration. Range of DLVO model that allows 

determination of an aggregation rate as function of the absolute value of the surface potential and the salt 

concentration. In the white area, the combination of values results in an energy barrier larger than 0 (shown in 

inset 1). Here, finite aggregation rates are found. In the pink area, the combination of values results in the 

absence of an energy barrier (see inset 2). Here, the model predicts that particles immediately aggregate when 

in proximity, with an infinite aggregation rate. In green the calculated absolute values of surface potentials are 

shown for all measurements that have been discussed in section 5.1. Only one measurement is situated in the 

white area, corresponding to the measurement of particles in citric acid buffer of pH 7. 

5.3.2 Comparison of 𝒌𝒂𝒈𝒈 as function of surface charge 

The DLVO model does not allow the direct comparison of experimentally obtained aggregation rates 

and calculated aggregation rates as function of surface potential and salt concentration, because an 

energy barrier only occurs for larger negative values of the surface potential than the calculated 

surface potentials of the Ademtech particles in the varying buffers. Nevertheless, the model can be 

used to calculate the behavior of the aggregation rate as function of the surface potential and salt 

concentration in the regime where 𝑈𝑏 > 0. In doing this, a qualitative comparison between the 

calculated and experimentally obtained aggregation rates can be made by comparing the trends as 

function of pH and salt concentration. The dependence of the aggregation rate on the surface 

𝑈𝑏 ≤ 0 

𝑈𝑏 > 0 

2. 

1. 
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potential is compared to the measurements of section 5.1.2 in this subsection, and the dependence 

on salt concentration is compared to the measurements of section 5.1.3 in subsection 5.3.3. 

In section 2.3 an alternative method to calculate the Hamaker constant was given (in formula 2.12). 

This calculation takes into account surface roughness of particles. A shell of thickness 𝛿𝑅 from the 

surface of the particle is partially hydrated with a solid volume fraction 𝛼. This hydrated shell 

method influences the total Van der Waals interaction and thereby the total interaction potential 

and the aggregation rate. Both this method and the previously used method, hereby called the non-

hydrated shell method, are used to calculate the aggregation rate as function of the surface 

potential. In appendix S3, an area plot is given (Fig S3.1) that shows which combinations of absolute 

value of the surface potential and salt concentration allow the calculation of an aggregation rate 

with the hydrated shell method. When a solid volume fraction of 𝛼 = 0.2 and shell thickness 

𝛿𝑅 = 10 nm are used, the minimum absolute value of the surface potential that can be used at  

[salt] = 150 mM is 7.3 mV. The hydrated shell method therefore allows the calculation of aggregation 

rates in the regime where aggregation rates have been obtained experimentally. 

Fig 5.6a shows the experimentally obtained aggregation rate as function of the determined surface 

potential, together with the calculated aggregation rate with both the non-hydrated and the 

hydrated shell method (where the non-hydrated shell method is denoted as being 𝛼 = 1 and  

𝛿𝑅 = 0 𝑛𝑚). It is seen that the curves look similar, but shifted in x-position: the aggregation rate 

decreases when the hydrated shell method is used to calculate the Van der Waals contribution. 

Furthermore it is seen that the calculated aggregation rate increases less when close to the 

minimum absolute value of the surface potential that can be used to calculate the aggregation rate. 

This is an artefact caused by the calculation of the attempt frequency. The attempt frequency is 

determined by the local curvature of the interaction potential in the secondary minimum and the 

energy-weighted width of the energy barrier, as expressed in formula 2.19. In the regime where the 

energy barrier is very small, the model is not able to fit these local curvatures as properly, which 

influences the calculation of the aggregation rate. 

In the regime where a clear dependence of the aggregation rate on the surface potential was 

measured (between -8 and -10 mV) the calculated aggregation rates are higher than the measured 

rates, for both methods. Therefore, even when the alternative method is used the model does not 

fully describe the aggregation process. It is concluded that a more in depth analysis is needed to fully 

understand how particle aggregation occurs. The model does however show that the aggregation 

rate decreases when the surface potential of particles becomes more negative, which is in 

correspondence with the measurement. 
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Fig 5.6: Experimentally obtained and calculated aggregation rate as function of surface potential.  

a) Experimentally obtained aggregation rates (blue) with calculated aggregation rates using the non-hydrated 

shell method (black) and hydrated shell method (red). Using both models, the calculated aggregation rate as 

function of the surface potential is higher than the experimentally obtained aggregation rate. b) Interaction 

potential as function of inter-particle distance for the extended DLVO model that takes into account the 

chemical reaction step. An additional energy barrier is present somewhere at closer inter-particle distance than 

the electrostatic energy barrier, which defines the non-specific interaction of two particles. Two particles in 

close proximity (𝑃1 ∷ 𝑃2) can cross the electrostatic energy barrier, thereby getting in closer proximity (𝑃1: 𝑃2). 

When the particles cross the transition barrier, they become a cluster (𝑃1𝑃2).  

In section 2.2, a bimolecular multi-step process was explained for particle aggregation. When 

particles are in proximity (denoted as the complex 𝑃1 ∷ 𝑃2), the energy barrier caused by 

electrostatic repulsion has to be overcome in order for aggregation to occur. However, passing this 

energy barrier does not define the creation of a chemical cluster. When particles are brought in even 

closer proximity by the passing of the electrostatic barrier (as complex 𝑃1: 𝑃2), the particles need to 

interact non-specifically: possibly one or multiple hydrogen bridges are formed, or (non-)polar Van 

der Waals bonds are formed. It is also possible that other non-defined non-specific interactions 

cause the creation of a chemical cluster: e.g. the orientation of two particles with heterogeneous 

“patches” on the surface that are more or less reactive. All aforementioned interactions can be 

described with a potential energy curve along a reaction coordinate that can contain an energy 

barrier, that needs to be overcome in order for complex 𝑃1: 𝑃2 to aggregate to a chemical cluster 

𝑃1𝑃2. This is shown schematically in Fig 5.6b. If particles in closer proximity do not cross this barrier, 

a chemical cluster is not formed. The presence of the extra barrier influences the aggregation rate. 

The DLVO model describes an aggregation rate determined by the presence of an electrostatic 

barrier. When this barrier is overcome, this does not necessarily lead to the formation of a chemical 

cluster. The aggregation rate is determined by both the electrostatic barrier and the chemical 

reaction barrier as stated in formula 2.5. The model only describes the rate 𝑘𝑒𝑙. If it were the case 

that 𝑘−𝑒𝑙 (the reverse crossing of the electrostatic energy barrier) is negligible, the aggregation rate 

is reduced to 𝑘𝑎𝑔𝑔 = 𝑘𝑒𝑙. However, since the measured aggregation rates are smaller than the 

calculated aggregation rates, it can be concluded that 𝑘−𝑒𝑙 is of significant value. 

Using aforementioned arguments, the DLVO model should be extended to take into account the 

transition from a magnetic to a chemical cluster. 

a. b. 

𝑷𝟏𝑷𝟐 

𝑷𝟏 ∷ 𝑷𝟐 

𝑷𝟏: 𝑷𝟐 
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5.3.3 Comparison of 𝒌𝒂𝒈𝒈 as function of charge screening 

In subsection 5.1.3 the influence of salt concentration on the aggregation rate was investigated for 

particles in an acid buffer of pH 4. Here, the DLVO model is also used to calculate this behavior. In 

the calculation, a surface potential is used corresponding to particles in a buffer of pH 7, −29.8 mV, 

using the non-hydrated shell model. It was found that when the hydrated shell model was used, 

using 𝛼 = 0.2 and  𝛿𝑅 = 10 𝑛𝑚, that the Van der Waals contribution almost completely vanishes 

from the interaction potential for salt concentrations below 50 mM, and no dependence of the 

aggregation rate on the salt concentration was found. Therefore, only the calculations using the non-

hydrated shell method are shown. 

In Fig 5.7 it is seen that the measured trend of increasing aggregation rate with the salt 

concentration is confirmed by the calculation using the non-hydrated shell method. However, the 

aggregation rate increases more rapidly than was found in the measurements with citric acid buffer 

of pH 4. The aggregation rate changes by 20 orders, while in the measurements only a change of less 

than 2 orders was found in the same range of salt concentrations. The explanation for this is related 

to the zeta potential. In the calculation the surface potential is more negative and the absolute value 

of the zeta potential changes more drastically as function of the salt concentration in the buffer. This 

causes a larger change in the electrostatic repulsion between the particles and thus a larger range in 

the calculated aggregation rates. 

 

 

 

 

 

 

 

 

Fig 5.7: Calculated aggregation rate as function of salt concentration. Calculated aggregation rate as function 

of salt concentration using the non-hydrated shell model (or 𝛼 = 1 and 𝛿𝑅 = 0) for a surface potential of  

-29.8 mV, corresponding to a buffer of pH 7. 
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6. Conclusion and outlook 

In the field of biosensing, particles are used as labels for the detection of biomarkers. To achieve 

high sensitivity in sensors, particle stability needs to be ensured in complex matrices, i.e. 

spontaneous non-specific particle aggregation should be suppressed. Therefore, non-specific particle 

aggregation remains a challenge for biosensing techniques. In this research, the kinetics of particle 

aggregation has been investigated by developing a method to quantify particle aggregation rates. 

This method is the optomagnetic cluster experiment, which is based on the optomagnetic cluster 

assay developed by Andrea Ranzoni1.  In the optomagnetic cluster experiment, superparamagnetic 

clusters are detected in solution optically by the application of an externally applied rotating 

magnetic field. The number of clusters is extracted from the scattering intensity by the use of a 

Fourier transform, where the frequency component corresponding to twice the frequency of the 

rotating field is a measure for the number of clusters in solution. The application of an external 

rotating magnetic field is also used to induce and control formation of clusters in solution. The usage 

of a magnetic field thereby allows quantification of aggregation rates. 

Particle aggregation rates are quantified using a sequence of processes. During the initial 

measurement phase, a pulsed magnetic field (𝑡𝑜𝑛 = 1 𝑠𝑒𝑐, 𝑡𝑜𝑓𝑓 = 5 𝑠𝑒𝑐, 𝐵 = 4 𝑚𝑇) is used to 

measure the number of chemically bound clusters in solution without inducing magnetic clusters. 

During an actuation phase, a continuous rotating magnetic field (𝑡𝑎𝑐𝑡 = 30 𝑠𝑒𝑐, 𝑡𝑑𝑖𝑓 = 60 𝑠𝑒𝑐, 

𝐵 = 4 𝑚𝑇) is applied, during which magnetic clusters are formed. A fraction of these magnetic 

clusters will be converted into chemical clusters by non-specific interactions. During the second 

measurement phase, an increase in chemical clusters is detected. From the increased number of 

chemical clusters, the total number of magnetically formed clusters during the actuation phase and 

the average interaction time of particles the aggregation rate is determined. In the case that the 

number of formed chemical clusters is difficult to discern from the signal, an expanded multi-step 

protocol can be used. 

Particle aggregation rates have been quantified for carboxylic acid coated Ademtech particles. The 

effect of electrostatic interaction on particle aggregation has been investigated by the variation of 

the pH, which controls the surface charge of particles, and by the variation of the salt concentration 

of buffer solutions, which controls the electrostatic screening by ions in the solution. It was found 

that the aggregation rate decreases for more negative surface potentials and increases with salt 

concentrations. Additionally it was found that the accuracy of determination of aggregation rates 

depends on the actual aggregation rate itself: for higher aggregation rates a better accuracy is 

obtained. When the influence of surface charge on the aggregation rate was investigated, it was 

found that only aggregation rates of approximately 10−3 𝑠−1 and higher can be experimentally 

obtained. For future research, it would therefore be interesting to investigate the influence of 

surface charge on the particle aggregation rate for more reactive systems, e.g. streptavidin coated 

particles.  

When the influence of electrostatic screening by ions on the aggregation rate was investigated, it 

was found that the aggregation rate did not increase significantly anymore for a total salt 

concentration higher than 60 mM. It was suggested this is caused by the fact that at these total salt 
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concentrations the Debye length is smaller than the distance at which particles can form non-specific 

bonds. It would be interesting to investigate the aggregation rate at total salt concentrations lower 

than 10 mM. However, 10 mM salt was used to ensure the pH of the buffer. By using more reactive 

particles, the influence of salt concentration on the aggregation rate could be investigated at natural 

pH (pH 7). Then, no salt needs to be added into the buffer solution to ensure the pH, and the 

aggregation rate can be investigated at lower salt concentrations. 

The influence of electrostatic interaction on particle aggregation rates has been modeled by a DLVO-

model that takes into account the four dominant contributions to the interaction potential as 

function of inter-particle distance. From the total interaction potential an aggregation rate can be 

calculated. This model, which does not take into account the actual non-specific aggregation of 

particles but defines particles as aggregated when the electrostatic repulsive barrier is crossed, has 

been used to investigate the influence of pH and salt concentration on the aggregation rate. The 

general trends depicted by the model, i.e. the decrease of the aggregation rate with more negative 

surface potentials and the increase with salt concentration, are in correspondence with the trends in 

the experimentally obtained aggregation rates. In order to obtain a quantitative agreement between 

calculated and experimentally obtained aggregation rates, the model should be extended with an 

additional energy barrier along the reaction coordinate that indicates the chemical reaction of 

particles by a non-specific interaction. 

In this research, a method has been developed to quantify aggregation rates using the optomagnetic 

cluster experiment. This paves the way to study aggregation rates of different particles and particle 

coatings, e.g. PEG coatings, antibodies and enzymes. The quantification of particle aggregation rates 

gives insight into the nature of clustering and thereby how clustering within biosensors can be 

minimized. Therefore, the quantification of aggregation rates can be used to increase the sensitivity 

of biosensors by indicating how particle stability in complex matrices can be improved. 
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Appendix 

S1: Controlled rotation of m-particle cluster 
The controlled rotation of two-particle clusters allows the opportunity to detect clusters in solution 

using the optomagnetic cluster experiment. Here, a mathematical explanation made by Andrea 

Ranzoni1 is given that explains how clusters rotate in an external magnetic field by deriving 

equations for the torque on clusters. These equations are based on the magnetic properties of 

particles (which are the induced and permanent moments of each particle and magnetic coupling 

between particles) and the viscous properties of the medium in the solution. 

Firstly the magnetic energy is calculated, which allows the calculation of magnetic torques. The 

magnetic energy of a cluster in an external magnetic field is, in a dipole approximation, the sum of 

two contributions: 1. The field interacting with each individual dipole, 2. The interaction of a dipole 

with the other dipoles. Only first neighbor dipole interactions are taken into account because of the 

rapid decay of the dipole field (𝑟−3). Additionally, it is approximated that all particles have the same 

magnetic content and radius. It is stated that the total magnetic moment of a particle consists of the 

sum of the permanent and induced magnetic moments. The magnetic energy of an m-particle 

cluster rotating in the x,y-plane can therefore be split into two terms: 𝑈𝑖  containing the energy 

terms of the induced moments, and 𝑈𝑝 containing the energy terms of the permanent moments: 

𝑈𝑖 = −𝜇0 ∑ 𝑚𝑘
(𝑖)𝐻𝑒𝑥𝑡 cos(𝜑𝑓 − 𝜑𝑖)𝑚

𝑘=1 +  

− ∑
𝜇0

4𝜋

1

(2𝑅)3 𝑚𝑘
(𝑖)𝑚𝑘+1

(𝑖)[3 cos2(𝜑𝑖 − 𝜑𝑘
𝑐) − 1]𝑚−1

𝑘=1     (S1.1) 

𝑈𝑝 = −𝜇0𝑚𝑝𝐻𝑒𝑥𝑡 cos(𝜑𝑓 − 𝜑𝑝)      with 𝑚𝑝 = ∑ 𝑚𝑘
(𝑝)𝑚

𝑘=1    (S1.2) 

The term describing the interactions between the magnetic moments is neglected due to their small 

magnitude. In these formulas 𝑅 is the radius of the particles, 𝜇0 the permeability of vacuum, 𝜑𝑓 the 

orientation of the applied rotating field, 𝜑𝑖  the induced moment of each nanoparticle, 𝜑𝑘
𝑐 the angle 

of the segment connecting the centers of the 𝑘 and 𝑘 + 1 nanoparticle, all with respect to the x-axis. 

It is assumed that 𝜑𝑘
𝑐 ≅  𝜑𝑐, which is the axis of uniaxial symmetry of the cluster with respect to the 

x-axis. It is hereby assumed that no buckling of the m-particle cluster occurs during rotation. 𝜑𝑝 is 

the angle between the sum of all permanent moments and the x-axis. Formula (S1.1) can be 

simplified to 

𝑈𝑖 = −𝑚
4

3
𝜋𝑅3𝜒𝜇0𝐻𝑒𝑥𝑡

2 cos(𝜑𝑓 − 𝜑𝑖) +  

−(𝑚 − 1)
𝜇0𝜋𝜒2𝐻𝑒𝑥𝑡

2𝑅3

18
[3 cos2(𝜑𝑖 − 𝜑𝑐) − 1]     (S1.3) 

Using that 

𝑚𝑖⃑⃑ ⃑⃑ ⃑ = 𝜒𝑉�⃑⃑⃑�         (S1.4) 
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In which 𝜒 is the susceptibility of the particle material and 𝑉 the volume of the particle. This linear 

approximation is valid in the regime that the applied magnetic field 𝐻 is much smaller than the 

saturation field 𝐻𝑠𝑎𝑡 that states the field that saturates the magnetic moment of the particle. 

The energy is minimal in the case that the induced moments are aligned with the field and the axis 

of the m-particle cluster. In the case of a different configuration, an increase in the magnetic energy 

is induced, which leads to a torque: 

𝜏𝑖 =
𝜕𝑈𝑖

𝜕(𝜑𝑖−𝜑𝑐)
+

𝜕𝑈𝑖

𝜕(𝜑𝑓−𝜑𝑖)
=    

𝜇0𝜋𝐻𝑒𝑥𝑡
2𝜒𝑅3 × {

𝑚−1

6
𝜒 sin(2(𝜑𝑖 − 𝜑𝑐)) +

4𝑚

3
sin(𝜑𝑓 − 𝜑𝑖)}   (S1.5) 

𝜏𝑝 =
𝜕𝑈𝑝

𝜕(𝜑𝑓−𝜑𝑝)
= 𝜇0𝑚𝑝𝐻𝑒𝑥𝑡 sin(𝜑𝑓 − 𝜑𝑝)     (S1.6) 

From equation (S1.5) it can be concluded that the induced moment contributes to the magnetic 

torque in two ways: by dipole-dipole interaction and by the lag between field and induced moments. 

It is expected that the angular difference between the field and the induced moment is extremely 

small, being a first order effect. This is due to the rapid Néel relaxation time, which causes that the 

induced moment is in equilibrium with the external field up to rotational frequencies in the order of 

MHz. A total magnetic torque 𝜏𝑚 is then derived as 

𝜏𝑚 = 𝜇0𝐻𝑒𝑥𝑡 {
(𝑚−1)𝐻𝑒𝑥𝑡𝜋𝜒2𝑅3

6
sin(2(𝜑𝑖 − 𝜑𝑐)) +  𝑚𝑝 sin(𝜑𝑓 − 𝜑𝑝)}  (S1.7) 

In the experiments, Ademtech COOH particles are used with negligible permanent moments. In the 

case of 2 particle clusters, the magnetic torque is reduced to 

𝜏𝑚 =
𝜇0𝐻𝑒𝑥𝑡

2 𝜋𝜒2𝑅3

6
sin(2(𝜑𝑖 − 𝜑𝑐))      (S1.8) 
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S2: Calibration curves 16 and 90 degrees detector 
 

 

 

 

 

 

 

 

Fig S2.1: Calibration curves recorded for Ademtech COOH stock solution. a) Calibration curve for clusters in 

solution, recorded with a photodetector at 90 degrees with respect to the laser. The amplitude of the 2f Fourier 

peak increases linearly with the concentration of particles and therefore also with doublet concentrations.  

b) Calibration curve for clusters in solution, recorded with a photodetector at 16 degrees with respect to the 

laser. The signal recorded on the detector is approximately 1 order lower than recorded on the detector at 90 

degrees. It is expected that the signal at 16 degrees is dominated by larger clusters. Since not many larger 

clusters are present in the stock solution, this explains the decrease in 2f amplitude. A sublinear behavior is 

found: the 2f amplitude scales with the particle concentration with a power 0.8 ± 0.3. It is concluded that the 

detector at 90 degrees will be used to determine particle aggregation rates. 

S3: Area plot of DLVO model using hydrated shell method 
 

 

 

 

 

 

 

 

Fig S3.1: DLVO model as function of surface potential and salt concentration for the hydrated shell method. 

Range of DLVO model that allows determination of an aggregation rate as function of the absolute value of the 

surface potential and the salt concentration, for the hydrated shell method. In the white area, the combination 

of values results in an energy barrier larger than 0 and a finite aggregation rate. In the pink area, the 

combination of values results in the absence of an energy barrier. Here, the model predicts that particles 

immediately aggregate when in proximity, with an infinite aggregation rate. In green the calculated values of 

the surface potentials are shown for all measurements as discussed in section 5.1. Almost all measurements are 

situated in the white area. 

PD at 90˚  
B-field 4 mT 

a. 
PD at 16˚  
B-field 4 mT 

b. 

Slope = 1.04 ± 0.1 Slope = 0.8 ± 0.3 



46 
 

 


